Abstract Using regional Global Positioning System (GPS) networks, we studied three-dimensional spatial structure of ionospheric total electron content (TEC) anomalies preceding three recent large earthquakes in Chile, South America, i.e., the 2010 Maule (M w 8.8), the 2014 Iquique (M w 8.2), and the 2015 Illapel (M w 8.3) earthquakes. Both positive and negative TEC anomalies, with areal extent dependent on the earthquake magnitudes, appeared simultaneously 20-40 min before the earthquakes. For the two midlatitude earthquakes (2010 Maule and 2015 Illapel), positive anomalies occurred to the north of the epicenters at altitudes 150-250 km. The negative anomalies occurred farther to the north at higher altitudes 200-500 km. This lets the epicenter, the positive and negative anomalies align parallel with the local geomagnetic field, which is a typical structure of ionospheric anomalies occurring in response to positive surface electric charges.
Introduction
Ionospheric total electron contents (TECs), derived by comparing phases of two L band microwave signals from Global Positioning System (GPS) satellites, allow us to study earthquakes from unique points of view. Coseismic ionospheric disturbances sometimes provide information on rupture processes of earthquakes [e.g., Heki et al., 2006] . Their amplitudes depend on moment magnitudes (M w ) of earthquakes [Cahyadi and Heki, 2015] , and ionospheric monitoring may contribute to early warning of tsunami arrivals [e.g., Astafyeva et al., 2013] .
Apart from these coseismic disturbances, Heki [2011] found ionospheric electron enhancements starting 40 min before the 2011 Tohoku-oki earthquake (M w 9.0), Japan, using a dense array of continuous GPS stations. Through debates between critical papers [Kamogawa and Kakinami, 2013; Utada and Shimizu, 2014; Masci et al., 2015] and replies to them [Heki and Enomoto, 2013 , 2015 , Heki and Enomoto [2015] showed that the enhancements preceded eight past earthquakes with M w 8.2 or more. They found that the enhancements started about 20/40 min prior to M w 8/9 earthquakes and that the changes in vertical TEC (VTEC) rates depend on M w as well as background absolute VTEC. Although similar changes often occur due to geomagnetic activities, Heki and Enomoto [2015] demonstrated that they are not frequent enough to account for the observed preseismic anomalies. The reader is referred to the introduction of Heki and Enomoto [2015] for the history of the arguments.
These past papers mainly focused on the reality of enhancements and their significance among space weather origin disturbances, and little discussed spatial structures and areal extents of the anomalies. Here we study three-dimensional (3-D) structures of preseismic ionospheric anomalies, in order to shed light on the underlying physical processes. We focus on three recent large interplate earthquakes in Chile, South America, i.e., the 2010 Maule (M w 8.8), the 2014 Iquique (M w 8.2), and the 2015 Illapel (M w 8.3) earthquakes. Large number of continuous GPS stations distributed over South America make this region ideal for such studies.
GPS Data and TEC Analysis Procedures

The Three Chilean Earthquakes
In this study, we analyzed the behaviors of ionospheric TEC before and after the three large earthquakes in Chile using regional GPS data (Figure 1) Central Chile [Madariaga et al., 2010] . The 1 April 2014 Iquique earthquake ruptured the same plate boundary around the Peru-Chile border [Ruiz et al., 2014] . The 16 September 2015 Illapel earthquake occurred in a segment~500 km north of the Maule earthquake [Ye et al., 2016] . 
GPS-TEC Data Processing
We first obtained slant TEC (STEC), number of electrons integrated along the travel path of microwave signals, and removed the phase ambiguities by letting the TEC time series derived by carrier phases align with those by pseudoranges [Calais and Minster, 1995; Mannucci et al., 1998 ]. The STEC data still include satellite and receiver interfrequency biases (IFBs). We obtained the satellite IFBs from the header information of global ionospheric maps available from University of Berne, Switzerland [Schaer et al., 1998 ]. We inferred the receiver IFBs by minimizing the scatter of nighttime VTEC at individual stations [Rideout and Coster, 2006] .
After removing IFBs, we calculated the absolute VTEC by multiplying the STEC with the cosine of the incident angle of the line of sight with a thin shell at 300 km above the ground (In drawing sub-ionospheric points (SIPs) in Figures 2 and 3, we assumed different heights). We use VTEC throughout this study because they are free from apparent variations due to changing satellite elevations. Geomagnetic activities were low when the 2010 Maule and the 2014 Iquique earthquakes occurred but were moderately high during the 2015 Illapel earthquake ( Figure S1 in the supporting information).
We followed Heki and Enomoto [2015] to identify bends (breaks) in VTEC before earthquakes using the Akaike's information criterion (AIC) ( Figure S2 ). Figure 2 shows VTEC time series observed using different pairs of GPS satellites (marked by their unique pseudo random noise (PRN) numbers) and receivers over 2-3 h intervals including the three Chilean earthquakes. We modeled the VTEC curves with the polynomials of time with degrees 3-5, excluding the intervals from the onsets of the anomalies detected using AIC to 20 min after the earthquakes. We define positive and negative departures from the models as anomalous increases (enhancements) and decreases of VTEC, respectively.
Some stations show clear coseismic disturbances, e.g., CRZL-PRN20, AREQ-PRN01, and TILC-PRN14, in Figures 2a, 2b , and 2c, respectively. Such disturbances clearly appear where SIPs and stations are on the northern side of the epicenter, owing to interaction with geomagnetic fields . Coseismic electron depletions are clear above the regions of large vertical coseismic crustal movements [Shinagawa et al., 2013] , e.g., RCSD-PRN23, LYAR-PRN23, and CMPN-PRN24, in Figures 2a-2c , respectively, but are smaller outside such regions. (Figure 2c -2) earthquakes also showed similar sets of VTEC enhancements and decreases starting~20 min before earthquakes. Figure 3 shows map distributions of the TEC anomalies at three time epochs, i.e., 30 min, 15 min, and immediately (30 s) before the 2015 Illapel earthquake. The dots represent the SIP positions calculated assuming the ionospheric heights of~170 km and~420 km, for positive and negative TEC anomalies, respectively. SIP coordinates depend on the assumed height of an ionospheric anomaly, and multiple SIPs obtained with different satellite-station pairs are expected to converge when the assumed anomaly height is correct ( Figure S3 ). In order to constrain the altitudes of the observed positive and negative anomalies, we tuned their altitudes so that they minimize the angular standard deviations of the SIPs of positive and negative groups, respectively ( Figure S4 ).
Preseismic TEC Anomalies of the Three Chilean Earthquakes
No anomalies exist 30 min before the earthquake (Figures 3a and 3d ). Both positive and negative VTEC anomalies have already emerged to the north of the epicenter~15 min before the earthquake (Figures 3b  and 3e ). They become the largest immediately before the earthquake (Figures 3c and 3f) . Such positive and negative TEC anomalies also preceded the 2010 Maule ( Figure S5 ) and the 2014 Iquique ( Figure S6 ) Figure 2 . The VTEC time series observed with eight pairs of station-satellite (same colors for same satellites) showing preseismic enhancements and decreases shown in the upper and lower halves, respectively. The gray curves are the reference models, from which we define VTEC anomalies shown in Figure 3 . The vertical gray lines indicate earthquake occurrence times. The maps at the top show the positions of GPS stations (gray squares) and the SIP trajectories (red dots and blue diamonds indicate the earthquake times for stations showing enhancements and decreases, respectively) over the studied intervals. We assumed 200 and 400 km for ionospheric heights in drawing SIP tracks for enhancements and decreases, respectively. The yellow stars show the epicenters.
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earthquakes. For the 2010 and 2015 events, the positive anomalies are located just to the north of the epicenters, and the negative anomalies appeared far to the north over a larger area. We find fewer anomalies to the south of the epicenter. For the 2014 event, the positive anomalies emerged just above the epicenter, and the negative anomalies appeared both on the northern and southern sides. Figure 4 compares the map views of preseismic positive VTEC anomalies immediately before the three Chilean earthquakes. We tuned the ionospheric heights to minimize the scatters of the positive anomalies ( Figure S4 ). The dimensions of areas of positive VTEC anomalies depend on M w (hence on fault size); the 
Discussions
Onset Time and the VTEC Rate Changes
Before discussing 3-D spatial distribution of the ionospheric anomalies, we briefly discuss other aspects of the anomalies. Using multiple pairs of satellites and stations, we found that the onset times of the anomalies were~40,~23, and~22 min before the 2010, 2014, and 2015 earthquakes ( Figure S2 ), respectively. This is consistent with other earthquakes [Heki and Enomoto, 2015, Figure 5a ]. 
Heki and Enomoto
Spatial Structures of Preseismic Ionospheric Anomalies
For studying 3-D spatial distribution of the TEC anomalies, we use the data of the 2015 Illapel earthquake, for which the station distribution is the most suitable (Figure 1 ). The conventional way is to map horizontal distribution of TEC anomalies, like Figure 3 , as if they occurred on a horizontal plane at a certain height. In Figure 5a , we drew a "longitudinal profile," where we plot the calculated heights and latitudes of the intersections of the line-of-sight vectors with the 70 W meridional plane. Because the line of sights need to intersect with the plane at high angles, we used only PRN14 and 25. The profile shows that the positive and negative anomalies line up along the magnetic field (inclination À32°) [Thebault et al., 2015] from the bottom of ionosphere (~85 km high) above the epicenter.
Figures 3 and 5a suggest the 3-D spatial structure of the preseismic ionospheric anomalies as illustrated in Figure 5b . This resembles to the numerical calculation results of the ionospheric response to the positive (Figure 1a) was not good enough to plot the longitudinal profiles, but the SIP maps ( Figure S5 ) do suggest a similar 3-D structure. In the 2014 Iquique earthquake, the negative anomalies exist on both the north and south of the positive anomalies ( Figure S6 ). This difference might reflect the lower geomagnetic latitude (~10°S) of the 2014 earthquake epicenter. We are also preparing for a systematic search for the mirror image anomalies that are expected to emerge at geomagnetic conjugate points.
Physical Process Responsible for Preseismic TEC Anomalies
Kuo et al.
[2014] demonstrated, with numerical simulation, that the westward electric field in the ionosphere originated from the upward atmospheric electric current causes obliquely downward E × B drift of electrons. This drift causes the increase and decrease of electron density at altitudes of~200 and~400 km, respectively, and results in the positive and negative anomalies lying along the geomagnetic field. The observed anomalies before the 2015 Illapel earthquake ( Figure 5 ) are consistent with this picture. The nighttime ionosphere before this earthquake is changed by~10% of the background VTEC. This requires the maximum density of~10 nA m À2 of upward atmospheric electric current at the geomagnetic latitude (21.7°S) of the 2015
Illapel earthquake [Kuo et al., 2014] .
A candidate mechanism to explain such currents is the outflow of positive holes from fast stressed rock to unstressed rock observed in laboratory experiments [e.g., Freund et al., 2009] . Such currents sharply increase immediately before the failure of rock samples and then decrease exponentially over a short time after the failure. This resembles the observed VTEC anomaly behaviors. Although there are no decisive evidences, the present observations support the scenario that positive charges from rocks under near-failure stress, possibly in the earthquake nucleation stage, cause ionospheric anomalies immediately before large earthquakes. 
